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NEAR FIELD WAVE TRANSFORMATION 
IN CLAY AND PEAT 
 
Stefan Van Baars  
Delft University of Technology, Delft, the Netherlands 






A series of simple impact tests is performed, both on clay and on peat, in order to compare the current wave theory with the obtained 
data. The waves at the surface are measured with three 3D geophones. With this the wave propagation and the energy dissipation in 
three directions has been studied both for clay and peat. Since the impact produces a group of waves, only the first arrival time can 
easily be detected. By transferring the wave information into a 3D energy flow, also the average arrival time and the end-of-wave 
arrival time can be determined. The results of all tests are very similar, the short wave group splits up in three phases: the first phase 
consists of compression waves, in the second phase the Rayleigh waves dominate and in the last phase, remarkably, a kind of diagonal 
Love waves dominate. The second phase starts with a sudden flip of the particle motion due to the arrival of the second wave. In clay 





There are many good books like: “Fundamentals of Soil 
Dynamics” of B.M. Das [1983] and journal articles like 
“Theory of Propagation of Elastic-Waves in a Fluid-Saturated 
Porous Solid” of M.A. Biot, [1956] which give us a clear 
concept of the behavior of waves in soils. In this article the 
wave propagation in a basic impact test on clay and peat will 
be compared with this concept, in order to see to what extent 
the results can be explained. 
 
 
AXIAL SYMMETRIC SHORT LOAD 
 
General test description 
 
A basic test is chosen for this; an axial symmetric short load 
test, with geophones (velocity recorders) at 1 m, 6 m and 16 m 
distance from the impact, see Figure 1.  
The geophones at point 1 and 2 register all three directions, 
but unfortunately geophone 3 at 16 m distance has no 
transversal (y) registration. Fourteen tests were performed, 
four on clay along the river Isère in Grenoble in France and 
ten on clayey peat in Delft in The Netherlands. In Grenoble 
the clay layer is 3 m thick and lies on top of a 1 m small gravel 
layer and a 9 m sand layer. The water table is 3 deep. In Delft 
the first 11 m consists of peat and peaty clays before a thick 
sand layer is reached. The water table is about half a meter 
below the ground surface. 
 
 
Fig. 1. Overview of test site 
 
 
The tests in Grenoble were performed in February to have a 
more humid condition of the soil. The tests on peat were 
performed just after rain and with a high ground water table. 
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It is not so important for the test what wave is produced, as 
long as there is a short wave to be studied. The general results 
of all tests are the same, only the waves in the peat are slower 










Fig. 2. Wave at point 1 (1 m) 
 
 
Figure 2 shows a very clear start of the wave in clay at point 1. 
The frequency is 42 Hz and the maximum velocity is 8 mm/s. 
 
Most of the energy is dissipated before arrival at point 2 (see 
Figure 3).  Here we notice much clearer the three phases of the 
wave. The first phase is from the start of the wave until a first 
clear point at which the transversal motion y starts and a 
sudden irregularity in the radial direction x can be noticed. The 
second phase is until the vertical motion suddenly strongly 
reduces. The third phase is until the end of the wave, which 
has no clearly noticeable point, since the wave is slowly dying 
out. The propagation and development of the waves will be 
discussed in the following chapters. 






















Fig. 3. Wave at point 2 (5 m further) 
 
 
Theoretical wave velocity 
 
According to the linear theory the compression wave pc  










=  (1) 
The wave velocity of the shear wave sc  is according to the 




=  (2) 
The wave velocity of the Rayleigh wave Rc  must be slightly 


















The wave velocity of the Love wave Lc  is in between the 
Shear wave and the Rayleigh wave. Based on the arrival times 
alone, identification of the wave type is for a near field test 
complex. Most energy is expected to be found in the radial 
compression wave. Since the stiffness, and therefore also the 
wave velocity, is higher at some depth, most recorded vertical 





















phase 1  2       phase 2  3 
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motion will be due to the compression waves coming slightly 
from below. The source of the wave is only at the surface 
causing the amplitudes of the waves to decline with depth. So, 
most of the non-compressive wave vertical motion will be due 
to the Rayleigh wave and much less to the vertical component 
of the shear wave. Similarly most of the horizontal 
(transversal) motion will be due to the Love wave and much 
less to the horizontal component of the shear wave. This 
means that most energy is expected to be found in the 
compression wave, the Rayleigh wave and the Love wave.   
 
 
Measured wave velocity 
 
Besides the arrival time of the first main wave for the 
calculation of the wave velocity, also other explicit points can 
be used. The arrival time of a certain amount of the total 
energy (10%, 50% or 90%) will be used as well. Therefore the 
recorded velocities , ,x y zv  are transformed into a total energy 
flow. The total energy is the sum of the kinetic energy and the 
potential energy:  
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The kinetic energy depends on the square of the velocities and 
the potential energy on the square of the accelerations. The 
accelerations are simply calculated from differentiating the 
velocities. Since the amount of kinetic energy is equal to the 






















With this the arrival time of a certain amount of the total 
energy can be plotted for each of the three geophones, see 
Figure 4. The intermediate time results in the required wave 
velocity. The four distinct curve kinks indicate different types 
of waves and wave velocities. Because of different damping 
and different energy distribution between surface waves and 
body waves, their position is not constant. 
 
Table 1 and 2 show the wave velocities in clay and peat. 
Geophones 1 and 2 are used for the wave velocities in radial x, 
transversal y and vertical z direction. The measured wave 
velocities between Geophones 2 and 3 are almost the same 




Fig. 4. Arrival time of total energy 
 
 
Table 1. Wave velocity Clay (Grenoble) 
 
clayc  x [m/s] y [m/s] z [m/s] 
1st wave 192 111 192 
10% 162 87 149 
50% 99 86 102 
90% 96 90 88 
 
 
Table 2. Wave velocity Peat (Delft) 
 
peatc  x [m/s] y [m/s] z [m/s] 
1st wave 143 61 142 
10% 138 69 131 
50% 116 68 94 
90% 70 77 69 
 
 
The deep and stiffer sand layer brings in wave energy with 
great delay, which results in a 90% energy limit velocity of 
33% less than the same velocity measured between 
Geophones 1 and 2. The 10% and 90% wave velocities in peat 
are about 82% of the velocities in clay. 
 
The 10%-velocities of the waves are quite similar for radial 
and vertical direction because the vertical waves are in fact a 
component of not completely horizontal compression waves, 
coming slightly from below. As expected the wave velocity in 
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At the end (90%), the radial and vertical direction show 
velocities similar to the velocity of the transversal (Love or 
shear) wave. This indicates that the compression wave has 
past and the Rayleigh and Love waves arrive. 
 
Saturated soils can have a second radial wave, one due to the 
pore water pressure and one due to the soil skeleton (Biot 
wave). But there is no second wave found here, because the 
soil should be at least 99.9% saturated to have a relative stiff 
pore water in order to create this effect.  
 
From equations 1 and 2 one can calculate the Poisson’s ratio 




























Looking at the first main wave arrival times of the radial and 
vertical waves versus the transversal wave, we find Poisson’s 
ratios of about ν = 0.25 for clay and ν = 0.39 for peat, 
indicating the higher degree of saturation for peat, as expected, 
because of the higher groundwater table and the rain. 
 
 
Time delay and wave reduction 
 
The only direction in which no compression wave is expected, 
is the transversal direction. The average amount of energy in 
the tests on clay was 76% in radial direction, 12% in vertical 
direction, but also 12% in transversal direction. For peat this 
was 67%, 20% and 13%. The transversal waves are, because 
of the radial symmetry however, theoretically impossible 
waves. The short load was, although not very accurately, 
mainly vertically, so why there is just as much transversal 
wave energy as vertical wave energy is not clear. 
 
Figures 5 and 6 show the transversal wave in clay (Figure 5) 
and peat (Figure 6). There are of course two main differences 
between point 1 and 2: a time delay and a wave reduction. In 
both figures the waves at point 2 have been corrected for this 
in order to study additional alterations. However, beside these 
time delay and wave reduction there is only a small additional 
alteration of the transversal waves. 
 
 




Fig. 6. Transversal velocity in peat 
 
 
The delays of ∆t = 42 ms (clay) and 86 ms (peat) indicate a 
wave velocity of:  
  ; ;




This average transversal wave velocity in peat is the slowest 
soil wave velocity measured during these tests. This wave 
could be a type of Love wave. The wave reduction of a factor 
3.8 (clay) and 3.5 (peat) is caused by geometrical dispersion 
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Figure 7 shows the particle motion from three different views 
(xz, yz and xy). The particle motion is split into three phases 
over time. Each phase has its own characteristics. The first 
phase (indicated by a thick dashed line) shows the 
compression wave with no transversal motion at all.  
 
According to Tables 1 and 2 the compression waves come in 
with a speed of about 192 m/s for clay and 143 m/s for peat. 
There is some elliptical rotation due to compression waves 
coming from below with a small phase shift (time delay). 
 
Phase two is indicated by the thin solid line. This test result 
shows little transversal motion (Love wave?), some other tests 
show more transversal motion in this phase. The Rayleigh 
wave arrives at a very distinct moment indicated by the 
sudden flip. From this moment on the rotation is not clockwise 
anymore but anti-clockwise. A similar flip is found at point 
(geophone) 3. 
 
This behavior is rather similar at different distances, it is 
therefore not likely only an effect of superposition of 
compression waves with other waves. This second phase holds 
the largest motions for clay, mainly in radial and vertical 
direction. The radial movement is even larger than the vertical, 
while according the theory the vertical should be twice larger 
than the radial for pure Rayleigh waves. The reason for this is 
unclear. Probably there is a mixture of Rayleigh and Love 
waves. 
 
Phase three starts from the time when there is suddenly almost 
no vertical motion. Currently the Rayleigh wave has passed. 
The remaining two horizontal motions are correlated. The 
direction of this type of a diagonal Love wave is different 
from the transversal Love wave found in literature, so the 
question arises whether this type of Love wave has two 
directions (transversal and diagonal) just as the shear wave 





The wave damping has to be explained by two effects. First 
the geometrical energy divergence and second the energy 
absorption due to friction and attenuation. 
 
The measured remaining energy (in comparison to point 1) is 
especially for point 3 quite small and at the limits of an 
accurate measurement. The overall difference between clay 
and peat is large, see Table 3. 
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Table 3. Remaining energy 
 
 Point 2 (versus 1) Point 3 (vs. 1) 
 x Z y x Z 
clay 2.20% 3.68% 2.62% 0.11% 0.35% 
peat 0.93% 1.80% 0.72% 0.04% 0.18% 
 
 
The geometrical energy dispersion depends on the type of 
wave. For body waves like compression and shear waves there 




∝  (8) 




∝  (9) 
If the ratio of energy transported by 3D (body) waves is called 
α , then the remaining energy at distance r will be:  
  ( ) ( )( )0
0
2




α α β −
  = − + −     
 (10) 
In which the frictional damping coefficient β is expected to be 
around 2%/m, which gives also the best prediction results. 
 
For the theoretical prediction of Table 4, the percentage of 
energy transported by 3D (body) waves is calculated from 
Table 3, using equation 11 (r0 = 1 m; r = 6 or 16 m). 
 
 
Table 4. Percentage α of 3D (body) waves 
 
 Direction 
 x z y 
clay 100% 90% 100% 
peat 55% 100% 60% 
 
 
The conclusion can be that peat has a higher amount of surface 
waves, maybe because peat is less compressible (higher 
Poisson’s ratio). 
 
Since the energy spreading for the tests on clay is mainly 3D, 
the total energy of the impact can be calculated by integrating 
the squares of the velocities in three directions passing the half 
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If we use only the measured velocities at the ground surface, 
we make a mistake since the average velocity over all 
directions is much higher. We can use Boussinesq’s linear 
solution to calculate the correction factor ( )iχ ν  . This factor 
can be solved numerically and is very sensible for the 
Poisson’s ratio. Even after correction, the amount of kinetic 
energy calculated in this way is only about 5% of the potential 
energy of the impact. This means there is a lot of frictional 





A prediction can be made about the dominant frequency by 
regarding the impact as a mass-spring system in which a 
falling block or the jumping person is the mass and the ground 
is the spring. According to Boussinesq the vertical settlement 
below a circular plate with radius a is: 





υ= −  (12) 
in which p  is the distributed load. The spring stiffness k of 














The load is defined by a weight of m = 85 kg of the jumping 
person, and an area of landing of 
20.30 0.30 m 0.17 ma× ⇒ = .  
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The shear modulus of the soil can be predicted from the shear 
wave velocity:  
  2,50%sG cg
γ
=  (14) 





=  (15) 
With this the following table can be made:  
 
 














clay 0.25 17 86 12.7 2.07 41 
peat 0.40 12 68 5.7 2.20 31 
 
 
The high values of the shear modulus are explained by a 
combination of rapid loading and small strain stiffness. The 
predicted main frequencies are almost the same as the 
measurement data of geophone 1 shows (see Figures 9 and 
10), which is changing over larger distances, due to damping 
and other effects.  
 
A better understanding of the damping can be obtained by 
looking at the energy distribution over the frequency domain 
for various distances. Figure 9 shows for peat this distribution 




Fig. 9. Energy distribution peat 
 
 
The results for clay are not very different (Figure 10), 
although there is first one dominant frequency, then two other 




Fig. 10. Energy distribution clay 
 
At least, that is what it looks like, but each main frequency 
belongs to another phases, which means, another wave types. 
Although Figure 10 shows only one frequency at point 1 (and 
two frequencies at point 2), it already contains the three 
frequencies of point 3; one dominant frequency for each 




Fig. 11. Frequency depends on phase 
 
 
The wave energy distribution is strongly dominated by the 
radial velocity vx1 of the waves, since the transversal and 
vertical velocities are much smaller. Fortunately the radial 
velocity at point 1 at 1 m distance can be well described by a 
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The used wave parameters are given in Table 7.   
 
 
















1 42 10.7 2.7 0.6 0.4 0.099 
2 start 25 1.10 3.5 1.8 0.4 0.120 
2 end 59 1.40 1.5 0.7 0.4 0.168 
3 start 23 0.23 5 1 0.4 0.170 
3 end 39 0.23 0.8 0.9 0.4 0.260 
 
 
Figure 12 shows that a single wave equation with a frequency 
of f = 42 Hz gives a rather good description of the radial 








Fig. 13. Wave at point 2 (6 m) 
 
At point 2 there are two waves and both have different 
frequencies. Figure 13 shows the measured wave at point 2 
versus the summation of two wave equations, of which the 
first has a frequency of 25 Hz and the second of 59 Hz (see 
Table 7).  
 
Although the summation of the two equations (see “double 
equation”) does not describe perfectly the transition of the two 
equations, Figure 12 shows clearly that the single frequency 
wave at point 1 has transformed into two waves with different 
frequencies. This is due to slower wave velocity of the 
Rayleigh wave. In fact, already at the tail of the wave at point 
1 a small second wave of 49 Hz can be seen. For geophone 3 
the same applies. Again there are two new main frequencies; 
one at the start and one at the end of the wave. It look as if the 
frequencies are changing, but in fact each of the three phases, 
so each of the three main waves (compression, Rayleigh and 





The general propagation of waves in clay and peat is 
according the general theories. A Poisson’s ratio of ν = 0.25 is 
found for clay and ν = 0.41 for peat, indicating the higher 
degree of saturation for peat, as expected, because of the 
higher groundwater table and the rain. The waves after a shock 
in clay and peat are rather similar. They can be divided into 
three phases. 
 
The first phase shows the compression wave with no 
transversal motion at all. The compression wave comes in 
with a speed of about 192 m/s for clay and 143 m/s for peat. 
There is some elliptical movement, which is due to the 
inclined direction of the compression wave which comes 
slightly from below, with some delay. 
 
Phase two shows the Rayleigh wave arriving at a very distinct 
moment indicated by the sudden flip. From this moment on 
the rotation is not clockwise anymore but anti-clockwise. This 
second phase holds the largest motions for clay, mainly in 
radial and vertical direction. The radial movement is even 
larger than the vertical, while according the theory the vertical 
should be twice larger than the radial. 
Phase three starts from the moment when there is no vertical 
motion left because the Rayleigh wave has passed. The two 
horizontal motions are correlated. The direction of this type of 
a diagonal Love wave is different from the transversal Love 
wave found in literature. 
 
The shear waves in peat have a velocity of only 58 m/s (first 
wave arrival). 
 
The wave damping is mainly according to the theory, but is 
still very different between clay and peat, probably because 
the peat is more saturated and has far less damping then the 















































x2 measured x2 double equation  
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showing far more clearly a different main frequency for each 
of the three phases, this has probably nothing to do with the 
difference between clay and peat, but more with the hard soil 
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